Ring-opening metathesis polymerization (ROMP) was used to synthesize hydrogels via copolymerization of a diamine monomer 3 and a novel cross-linker 5 using Grubbs' third generation catalyst as initiator. Reactions were performed at two different monomer concentrations and at various initial molar ratios of cross-linker to initiator. At low monomer concentration, gelation occurred at initial cross-linker to initiator ratios of 1.5 and greater, which decreased to values of 1.05 and greater when increasing the monomer concentration. This result is in agreement with the Flory-Stockmayer theory. The gel yield and swelling properties were also found to be dependent on the cross-linker to initiator molar ratios. GPC data of the sol fractions showed quantitative consumption of both the monomer and the cross-linker. The molecular weight of the sol fraction was independent of the initiator concentration at constant cross-linker concentration of 2.5 mol%. Gels were found to swell up to 72 times their weight in 0.9% NaCl solution.
Introduction
Hydrogels and polyelectrolyte networks have received much attention because of their numerous applications in fields such as superabsorbent materials, soft contact lenses, tissue engineering, controlled drug delivery, and regenerative medicine. [1] [2] [3] The most common method for preparing these networks is by the copolymerization of a hydrophilic or charged monomer with a crosslinker. 4 Free-radical polymerization (FRP) has been widely used for constructing these networks because of its mild experimental conditions and the wide range of monomers that can be used. However, FRP has little control over the primary polymer chain network structure, which leads to microgel formation and a heterogeneous network structure. 5 This is attributed to slow initiation, fast chain propagation, and the presence of termination reactions. 5 At the beginning of the polymerization, individual chains with high molecular weight and a large number of pendant double bonds are formed in a short time. The relatively high dilution of chains in solution combined with slow diffusion and fast propagation rates leads to rapid intramolecular reactions between propagating chains and pendant double bonds. This generates various loops and densely cross-linked domains (microgels). These structural features then lead to the above mentioned heterogeneities.
One method to improve the homogeneity of the network is to employ controlled radical polymerization (CRP) techniques, including atom transfer radical polymerization (ATRP), [4] [5] [6] [7] reversible addition fragmentation chain transfer (RAFT), 8 and nitroxide-mediated polymerization. 9, 10 These approaches afford networks with more homogeneous structures because of their inverse reaction kinetics (fast initiation and slow chain growth). 10, 11 Armes and coworkers studied the copolymerization of 2-hydroxypropyl methacrylate with ethylene glycol dimethacrylate (EGDMA) as a cross-linker under ATRP conditions.
12
Soluble branched copolymer (sol) was obtained when less than one branching agent (EGDMA) was incorporated per primary polymer chain. Higher levels of EGDMA (1.1 mol per primary chain) led to gelation. Similarly, the copolymerization of methyl acrylate and ethylene glycol diacrylate (EGDA) using ATRP led to gel formation at initial cross-linker to initiator molar ratios ([CL] o /[I] o ) equal to or greater than 1.1.
5 This shows that the reactions using ATRP closely follow the predictions of Flory and Stockmayer for gelation, which state that gelation occurs when the cross-linking index is unity.
13-16
In the case of branched polymer synthesis using RAFT, several studies showed strong deviations from the Flory-Stockmayer predictions (up to 3.6 cross-linker units per polymer chain without forming gels). 11, [17] [18] [19] This may be attributed to a considerable degree of intramolecular cyclization rather than the desired intermolecular reaction. Intramolecular cyclization can be suppressed by conducting RAFT copolymerization at a relatively high monomer concentration, similar to that used in ATRP (i.e. $50% w/w instead of $20% w/v). 20 Gelation by this RAFT formulation more closely conforms to the Flory-Stockmayer theory.
Ring-opening metathesis polymerization (ROMP) is another living/controlled polymerization method, and thus appeared to be a promising method to control the gelation process. ROMP has become a valuable tool for the preparation of a broad variety of materials. Among many types of ROMP catalyst systems, ruthenium-based complexes, particularly Grubbs' 1 st to 3 rd generation catalysts, are the most successful because they display high reactivity at room temperature and are relatively stable under ambient conditions. 21, 22 Furthermore, they are tolerant to functional groups including alcohols, acids and tertiary amines. [23] [24] [25] The synthesis of ROMP networks is known, but mainly for hydrophobic monomers, and has been typically used to make thermosets. 26, 27 To our knowledge, there are only two previous reports of ROMP based hydrophilic networks. Hamilton and coworkers polymerized norbornene-dicarboxylic acid anhydride in the presence of an alcohol and a diol to obtain gels that could absorb up to 83 weight% water. 28 Buchmeiser and coworkers polymerized norbornene-dicarboxylic acid anhydride in the presence of a cross-linker to form a polyanhydride network, which was then hydrolyzed to yield a polyelectrolyte network. 29 We have previously shown that the ROMP polymerization of the oxa-norbornene diamine monomer 3 was living (Scheme 1), and that well-defined, high molecular weight polymers can be obtained with complete conversion within minutes.
24
Dynamic light scattering experiments showed that these polymers were completely water-soluble, with negligible aggregation.
Here, we report the synthesis of polynorbornene-based hydrogels by polymerization of the diamine monomer 3 in the presence of the novel cross-linker 5 via ROMP using Grubbs' third generation catalyst as initiator. The oxa-norbornyl moiety in both the monomer and the cross-linker was held constant, suggesting similar polymerization rates. The effect of monomer concentration and [CL] o /[I] o on gel formation, along with the gel yield and its swelling properties were explored. Our results confirm that reactions under ROMP conditions, at relatively high monomer concentration, closely follow the predictions of Flory and Stockmayer for network formation. Additionally, we found that our gels were able to absorb up to 72 times their weight of 0.9 wt% NaCl solutions.
Experimental Instruments

1
H NMR spectra were recorded on a 300 MHz Bruker Spectrospin 300. Gel permeation chromatography (GPC) in DMF/0.01 M LiCl was performed using a Polymer Laboratories PL-GPC50 instrument with two 5 mm mixed-D columns, a 5 mm guard column, and a Knauer RI detector. The system was calibrated against polystyrene standards, with toluene as the flow marker.
Materials
Furan, maleic anhydride, N,N-dimethylaminoethanol, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), N,N 0 -dicyclohexylcarbodiimide (DCC), 1-hydroxybenzotriazole, anhydrous (HOBt), 1,6-hexanediol, ethyl vinyl ether and 4-dimethylaminopyridine (DMAP) were obtained from SigmaAldrich, Chem. Impex or Acros and used without further purification. THF (Fisher Scientific) was distilled over sodium and benzophenone under nitrogen before use. DCM (VWR) was distilled over CaH 2 and purged with N 2 before use. Poly(acrylic acid) partial sodium salt, particle size < 1000 mm (Aldrich). The third generation Grubbs' catalyst, G3 (dichloro-di(3-bromopyridino)-N,N 0 -dimesitylenoimidazolino-Ru]CHPh) was synthesized as described previously.
exo-7-Oxabicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic anhydride 1 was synthesized according to literature procedure. (2) . N,N-Dimethylaminoethanol (20.0 mL, 200 mmol) was added to a solution of exo-7-oxabicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic anhydride (1) (22.0 g, 132 mmol) in dry acetone (150 mL) at RT under N 2 atmosphere. The reaction mixture was stirred for 1 h. The formed precipitate was filtered, washed with cold acetone followed by hexanes, and dried under vacuum to yield 31.6 g of the product (yield ¼ 93.5%), which was used in the next step without further purification. 
. Product 2 (50.14 g, 196 mmol), N,Ndimethylethanolamine (19.7 mL, 196 mmol) and HOBt (26.54 g, 196 mmol) were dissolved in dry DCM (250 mL) under N 2 . The mixture was cooled to 0 C and DCC (40.53 g, 196 mmol) dissolved in DCM (20 mL) was added dropwise to the mixture. The reaction mixture was allowed to warm to room temperature and left to stir overnight. The white precipitate of dicyclohexyl urea was filtered and the solvent was evaporated under vacuum. The resulting material was dissolved in 250 mL H 2 O and filtered. The resulting solution was acidified to pH z 3 using 50% H 2 SO 4 and then filtered. The filtrate was brought to pH z 7 using solid NaHCO 3 , then to pH z 9.5 using NaOH pellets. The product was extracted with DCM (5 Â 100 mL). The combined DCM extracts were dried using anhydrous Na 2 SO 4 , filtered and solvent was evaporated. The resulting solid was then dissolved in ether, stirred with Na 2 SO 4 and charcoal, filtered and the solvent evaporated to afford 24.35 g of NMR-pure white crystalline product (yield ¼ 38%).
(s, 12H, NMe 2 ), 2.56 (t, J ¼ 5. 
Cross-linker (5)
Compound 4 (5.0 g, 23.6 mmol), 1,6-hexanediol (0.93 g, 7.9 mmol) and DMAP (0.3 g, 2.46 mmol) were dissolved in dry DCM (50 mL) under N 2 . The resulting solution was then cooled to 0 C, and 4.5 grams of EDC (4.5 g, 23.5 mmol) were added to the mixture in portions. The reaction mixture was then allowed to warm to RT while stirring and left for 12 h. The mixture was washed with 10% KHSO 4 solution, sat. NaHCO 3 solution, then brine. The resulting DCM solution was dried using anhydrous Na 2 SO 4 , filtered, and the solvent was evaporated. The resulting residue was purified using column chromatography (silica, hexanes/ethyl acetate) to afford 2.73 g of colorless oil (yield ¼ 69% 
Gel synthesis
Certain amounts of monomer and cross-linker were placed in a 25 mL scintillation vial and dissolved in dry, degassed DCM. G3 catalyst was dissolved in DCM and added to the monomer/ cross-linker solution. The mixture was kept at 30 C for 1 h. Unreacted monomer, cross-linker and/or sol fraction were removed from the gel by repeated DCM extraction. DCM was replaced twice a day for seven days. Gels were dried under N 2 flow then under vacuum for 24 hours.
Gel swelling
The dried gel was swollen in RO water (500 mL) or in 0.9 wt% NaCl solution, and was left for 24 hours. The swollen gel was taken out, placed in a Buchner funnel fitted with a porous plastic film. The swollen gel was then weighed using a plastic weighing boat. The swelling capacity was then calculated using the following equation:
where W i is the mass of the swollen gel and W o is the mass of the dry gel.
Results and discussion
Synthesis Scheme 1 shows the modified synthesis of the previously reported diamine monomer 3.
24 The exo-anhydride 1 was reacted with N,N-dimethylaminoethanol to form the monoester 2 via a ringopening reaction. Condensation of a second equivalent of N,Ndimethylaminoethanol with 2 using DCC as a coupling agent and HOBt afforded the diamine monomer 3. DCC was employed as a coupling agent because the urea byproduct could be easily removed from the reaction mixture by filtration. Although the reaction yield was almost quantitative as confirmed by 1 H NMR spectroscopy of the crude product, the isolated yield of 3 was only $44% as the product was difficult to purify and trace amounts of HOBt impurities quenched the polymerization. Cross-linker 5 was synthesized by coupling 1,6-hexanediol with an excess of the monoester 4 using EDC as a coupling agent (Scheme 2). A typical polymerization leading to gel formation was performed by dissolving both monomer and cross-linker in DCM and adding Grubbs' third generation catalyst to the mixture under N 2 . The mixture was kept at 30 C for one hour to ensure maximum monomer consumption. Gelation occurred within two minutes and no low molecular weight peaks that could be attributed to monomer or cross-linker were detected by GPC analysis, indicating monomer consumption was near quantitative.
Effect of monomer and initiator concentration on gel formation
Several experimental parameters were expected to have an influence on gel formation and the resulting properties. Variables included the efficiency of the initiator, the reactivity of the crosslinker double bonds compared to that of monomer, the initial monomer concentration and the number of cross-linker units per polymer chain. In this study, we chose G3 as initiator because of its high initiation efficiency, and its tolerance to functional groups. 21, 24, 31 We have shown previously that the polymerization of monomer 3 with G3 is living/controlled, resulting in polymers with low polydispersity (PDI ¼ 1.05-1.08) and high conversion (99%) with good agreement between targeted and obtained polymer molecular weight.
Initially, the gel synthesis was carried out under relatively low monomer concentration (0.51 mol L For each series, monomer and cross-linker concentrations were kept constant while initiator concentration was varied. The gel fraction (yield) was measured at complete monomer conversion. Fig. 1 shows that the gel fraction increases with decreasing amount of initiator, suggesting that an increase in the molecular weight of the primary chain leads to less sol and more gel because polymers with higher molecular weights contain a larger number of pendent cross-linking units per chain. Thus, they have an increased probability of reacting with other chains, forming highly branched polymers, and ultimately the gel network. Higher initiator concentrations lead to shorter polymer chains with less cross-linking units per chain, so the probability of these chains reacting with each other and forming a network is reduced.
7 Consequently, at high initiator concentrations, a larger fraction of low molecular weight branched polymers that are not part of a network was obtained. The molecular weight of the sol fraction was investigated by GPC (Fig. 2) . As shown, the molecular weight of the sol fractions was almost constant ($35 kDa for 2.5% cross-linker) irrespective of the initiator concentrations.
It has been shown previously by dynamic light scattering that homopolymers from monomer 3 do not aggregate in aqueous solutions. 24 Based on these results, we expected good swelling properties for our gels as these materials are evidently sufficiently Table 1 Influence of cross-linker to initiator molar ratio on gel formation at different monomer and cross-linker concentrations
hydrophilic. 24 The swelling capacities of the gels in both 0.9 wt% NaCl solution and RO water were found to increase with increasing initiator concentration at constant monomer and cross-linker concentrations (Fig. 3) . This is in line with the previous discussion of results in which higher initiator concentrations produced shorter chains with fewer cross-linking units, leading to loosely cross-linked networks with higher swelling capacities. Networks formed by ATRP show similar behavior. 
Influence of cross-linker percentage on swelling
The swelling capacity of a gel is known to be affected by the cross-linker content. 13 The swelling behavior of our gels as a function of mol percentage of cross-linker was studied at two different initial monomer to initiator molar ratios. As shown in Fig. 4 , the swelling capacities of the gels decreased with increasing cross-linker content, which is to be expected, as a high cross-linking density decreases the molecular weight between the cross-links and results in a rigid structure that can not expand to hold as much liquid as a more loosely cross-linked network. These gels can absorb an amount of 0.9 wt% NaCl solution that is up to 72 times their own weight.
pK a measurments
The swelling ability of polyelectrolyte gels is due to a combination of the repulsive electrostatic interactions between the charged groups on the polymer chains and the osmotic pressure between the interior and exterior of the gel due to the counterions inside the network. 13, [34] [35] [36] [37] [38] The pK a value of the polymer will determine the extent of the amine group protonation at a given pH, and accordingly, the amount of charge on the chain. For our system, the monomer pK a value was found to be 8.13, whereas that of the polymer was 8.35 (Fig. 5) . These measurements indicated that incorporation into a macromolecule did not significantly affect the ionization ability of the tertiary amino groups. At a pH of 7, according to these data, more than 50% of the tertiary amino groups of the polymer are protonated. This means that at neutral pH the polymer is charged, leading to its high degree of swelling in salt water.
Conclusions
We used ring-opening metathesis polymerization to synthesize a series of norbornene-based hydrogels through the copolymerization of a diamine monomer and a novel cross-linker using Grubbs' third generation catalyst as an initiator. The gelation was found to be dependent on the initial cross-linker to initiator molar ratio. At higher monomer concentration (1.28 g L À1 ), gel formation occurred at ratios of 1.05 and higher, which is in agreement with Flory-Stockmayer theory. This behavior is due to the preferential intermolecular branching at high monomer concentration, as opposed to intramolecular loop formation, which occurs at lower monomer concentration (0.51 g L
À1
). Varying the cross-linker to initiator molar ratio at constant monomer concentrations was found to greatly affect gel yields and swelling properties. While the gel fraction was found to increase with decreasing initiator amount, the swelling capacity decreased. GPC analysis of the sol fractions revealed that molecular weight of the sol fraction is independent of the initiator concentration at the constant cross-linker concentration studied. We found that our gels have a swelling capacity up to 72 times their weight in 0.9 wt% NaCl solutions, compared to 45 times for superabsorbent gels based on polyacrylic acid. 39 Studies on the homogeneity of the gels at the micro-and nanoscale levels as well as mechanical characterization are currently under way and will be reported in due course.
